Epidemiologic and experimental evidence suggest that a subset of breast cancer is insulin responsive, but it is unclear whether safe and effective therapies that target the insulin receptor (IR), which is homologous to oncogenes of the tyrosine kinase class, can be developed. We demonstrate that both pharmacologic inhibition of IR family tyrosine kinase activity and insulin deficiency have antineoplastic activity in a model of insulin-responsive breast cancer. Unexpectedly, in contrast to insulin deficiency, pharmacologic IR family inhibition does not lead to significant hyperglycemia and is well tolerated. We show that pharmacokinetic factors explain the tolerability of receptor inhibition relative to insulin deficiency, as the small molecule receptor kinase inhibitor BMS-536924 does not accumulate in muscle at levels sufficient to block insulin-stimulated glucose uptake. Metformin, which lowers insulin levels only in settings of hyperinsulinemia, had minimal activity in this normoinsulinemic model. These findings highlight the importance of tissue-specific drug accumulation as a determinant of efficacy and toxicity of tyrosine kinase inhibitors and suggest that therapeutic targeting of the IR family for cancer treatment is practical.
Introduction
Experimental evidence that certain cancers are mitogenically responsive to insulin has been available for decades (Heuson et al. 1967) and is consistent with recent work demonstrating growth inhibitory effects of insulin receptor (IR) knockdown on neoplastic cells (Zhang et al. 2010) . Clinical and epidemiologic data are consistent with these laboratory findings, as IRs are expressed in malignant tissue (Law et al. 2008 , Cox et al. 2009 ), and higher serum levels of fasting insulin or c-peptide (a surrogate for insulin secretion) are associated with poor prognosis of common cancers (Goodwin et al. 2002 , Ma et al. 2008 , Wolpin et al. 2009 , Pritchard et al. 2011 . Further circumstantial evidence comes from a recent retrospective observation that long-term insulin administration is associated with increased cancer risk (Bowker et al. 2010) , from the findings that obesity and type II diabetes (which lead to increased endogenous insulin secretion) are associated with increased cancer-specific mortality (Calle et al. 2003 , Giovannucci et al. 2010 ) and from the demonstration that diet-induced (Algire et al. 2008 or transgenic (Novosyadlyy et al. 2010 ) models of hyperinsulinemia lead to increased IR activation and growth of experimental cancers.
Therapeutic exploitation of insulin responsiveness of cancer has traditionally been regarded as impractical because any intervention that eliminates IR activation would be predicted to lead to severe metabolic toxicity such as that seen when IRs are ablated in all organs (Kitamura et al. 2003) . However, biguanides such as metformin, which are commonly used for treatment of type II diabetes, are known to be well tolerated and to decrease the elevated insulin levels present in the setting of systemic insulin resistance by a mechanism involving reduced hepatic gluconeogenesis (Shaw et al. 2005) . Therefore, there is interest in the hypothesis that biguanides reduce insulin-stimulated neoplastic behavior (Pollak 2010) . However, while these compounds have several potential mechanisms of action (Pollak 2010) , they may not provide the most effective strategy for reducing activation of the insulin/IGF1 receptor (IGF1R) family, as they have little effect on insulin concentration if baseline levels are normal, and little effect on IGF1 levels.
The IGF1R is under clinical investigation as a molecular target for cancer therapy (Pollak 2008 , Gualberto & Pollak 2009 ), but IR mediated resistance to drug candidates that target the IGF1R has been described (Zhang et al. 2007 , Ulanet et al. 2010 ). Cells that express the genes encoding both the IR and the IGF1R, such as the 4T1 mammary carcinoma cells used in our model, will display not only these receptors but also the hybrid receptors (Belfiore et al. 2009 ). Small molecule tyrosine kinase inhibitors designed to target IGF1R were first reported in 2004 (Garcia-Echeverria et al. 2004 ). These also inhibit insulin and hybrid receptors and are best regarded as inhibitors of the entire insulin/IGF receptor family. There is uncertainty whether this represents a liability (because of greater risk of metabolic toxicity) or a therapeutic advantage (because of inhibition of the entire insulin/ IGF1R family) relative to highly selective anti-IGF1R antibodies that do not interact with IRs. Both specific anti-IGF1R antibodies and broader spectrum tyrosine kinase inhibitors show preclinical activity in the laboratory models (reviewed in Pollak (2008) ). While IR-mediated resistance to IGF1R targeting (Zhang et al. 2007 , Ulanet et al. 2010 would favor inhibition of the entire insulin/IGF1R family, there has been a widely held assumption that anti-IGF1R antibodies would be a safer strategy, considering the severity and progressive nature of metabolic abnormalities in certain IR knockout models (Kitamura et al. 2003) .
BMS-536924 is one of a series of orally active small molecule tyrosine kinase inhibitors of the insulin/IGF1R family (Wittman et al. 2005) . It has been found to have anticancer activity in preclinical models and to be well tolerated despite the theoretical possibility of metabolic toxicity (Litzenburger et al. 2009 ). A second small molecule inhibitor of the insulin and IGF1R kinase family, BMS-754807, has been shown to have an acceptable toxicity profile in the early clinical trials (Desai et al. 2010) . We compared growth inhibitory activity of BMS-536924 to that of metformin and alloxan-induced hypoinsulinemia in a model of breast cancer in normoinsulinemic hosts.
Alloxan is a toxin that destroys insulin-producing pancreatic b-cells, resulting in hypoinsulinemia and hyperglycemia. It causes b-cell destruction by a mechanism involving free radical formation (Munday 1988 , Munday et al. 1993 , Lenzen 2008 . We observed significant reductions in tumor growth following alloxan exposure or with insulin/IGF1R family kinase inhibition, but not by metformin. Alloxan led to insulin deficiency and major metabolic toxicity, but the kinase inhibitor was well tolerated, a finding we explain by demonstrating non-homogeneous drug distribution resulting in a greater deficit in muscle glucose uptake by insulin deficiency than by the kinase inhibitor.
Materials and methods

Cell lines and cultures
The 4T1 mouse breast cancer cell line characterized as a model of stage IV breast cancer was purchased from American Type Culture Collection (Manassas, VA, USA). Cells were cultured in RPM1 1640 (Wisent, St-Bruno, QC, Canada) supplemented with 10% fetal bovine serum (FBS; Invitrogen) at 37 8C.
Cell proliferation assay
The effect of insulin and IGF1 on 4T1 cells was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma Chemical). Three thousand cells per well were plated in 96-well plates and incubated in a medium containing 10% FBS. After 24 h, the complete medium was replaced with serum-free medium containing different concentrations of BMS-536924 with or without 100 nM insulin or 10 nM IGF1 or with a medium containing various doses of insulin or IGF1 for a period of 72 h. Proliferation assay was measured with an MTT assay as described by Blouin et al. (2010) . Experiments were repeated at least twice with four replicates for each condition. 
Protein extraction and western blot analysis
Cells were washed thrice with ice-cold PBS and lysed in lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2.5 mM sodium pyrophosphate, 1 mM h-glycerol phosphate, 1 mM Na 3 VO 4 , 1 mM EGTA, 1% Triton, and Roche complete protease inhibitor tablet (Roche). Cell debris was removed by centrifugation. Following assay for total protein (Bio-Rad), clarified protein lysates from each experimental condition were boiled for 5 min and subjected to western blot analysis.
4T1 tumor and skeletal muscle were dissected from the mice at the time of killing, washed in PBS, and frozen in liquid nitrogen. The tissue samples were homogenized and sonicated in lysis buffer (50 mM HEPES, 1% Triton-X 100, 150 mM NaCl, 0.02% sodium azide, 60 mM b-glycerophosphate, 1 mM dithiothreitol, protease inhibitor cocktail (complete tablets, Roche), and 5 mM pepstatin A, pH 7.2). Tissue lysates were processed in the same manner as cell lysates (above).
Proteins (50 mg) were resolved electrophoretically on denaturing SDS-polyacrylamide gels (10%), transferred to nitrocellulose membranes, and probed with the following antibodies overnight at 4 8C: antiphospho-insulin receptor (IR) Tyr972 /IGF1R Tyr950 (Millipore, Etobicoke, ON, Canada), anti-IR-a, anti-IR-b, anti-IGF1R, and anti-a-tubulin (Santa-Cruz Biotechnologies, Santa Cruz, CA, USA). The position of the proteins was visualized with the appropriate HRP-conjugated anti-rabbit immunoglobulin antibody (ECL, Amersham). Experiments were repeated at least twice. Band intensity was evaluated by densitometry using Adobe Photoshop CS5 extended software, version 12.0.4 x32 (Adobe Systems Incorporated).
Animals and treatment
Female BALB/c mice aged 6 weeks were purchased from Charles River (St-Constant, QC, Canada). Animals were housed according to standard animal protocols. Alloxan exposure: forty mice aged 7 weeks were injected i.v. with 100 mg/kg of body weight of alloxan (Sigma Chemicals) dissolved in 0.85% saline. Mice treated with alloxan were given insulin injections of 1.75 IU i.p. once daily for 2 days following alloxan exposure. Their glucose level was measured 2 weeks after the injection of alloxan to determine the hyperglycemic mice. BMS-536924 treatment: at 7 weeks of age, 15 mice began oral treatment with 100 mg/kg of body weight, of BMS-536924 (kindly provided by Bristol-Myers Squibb), twice daily, starting 4 days prior to tumor cell injection so that drug distribution and early metabolic consequences would be in place. The BMS-536924 was dissolved in 4:1 concentration of polyethylene glycol 400: ddH 2 O. Metformin treatment: Balb/c mice received daily metformin in their drinking water at 50 mg/kg of body weight per day, as described by Algire et al. (2008) . Drinking water was prepared twice weekly. This regime was started 4 days prior to tumor cell injection as for BMS-536924 treatment. 4T1 cell allograft: 10 5 4T1 cells were injected into each flank of a) hyperglycemic mice (showing fasting blood glucose higher than 10 mmol/l, 2 weeks after alloxan exposure); b) mice receiving BMS-536924; c) mice receiving metformin; and d) age-matched controls (saline i.v. injection or polyethylene glycol 400: ddH 2 O gavage). From day 8, tumors were measured thrice weekly and tumor volume was determined by the following formula: tumor volume Z(p/6)!(large diameter)!(small diameter) 2 . Mice were killed 4 weeks later, on which day blood samples were collected and tumors and muscle samples were dissected and frozen for future tissue studies.
Metabolic assays
Hormone serum levels were measured using rodent insulin immunoassays (Millipore) and rodent IGF1 ELISA (Diagnostic Systems Laboratories, Webster, TX, USA), according to the manufacturer's protocols.
Pharmacokinetics
Preparation of tissue homogenates Serum and tissues (tumor, muscle, and liver) were shipped on dry ice and stored in liquid nitrogen until homogenization. Tissues were weighed and homogenized in Lysing Matrix tubes (MP Biomedicals # 6910-100, Solon, OH, USA) in distilled water (Invitrogen #15230-170) at a ratio of 1:3 (1 part tissue, 3 parts water) for 30 s at room temperature using an MP Fast Prep -24 instrument (MP Biomedicals). Serum samples and tissue homogenates were immediately analyzed as described below.
Determination of BMS-536924 in serum and tissues Serum, muscle, liver, and tumor samples were treated with two volumes of acetonitrile containing 0.1 mg/ml of an appropriate internal standard. After centrifugation to remove precipitated proteins, a 6 ml portion of the resulting supernatant was analyzed by mass spectroscopy. Data acquisition was via selected reaction monitoring. Ions representing the (MCH) C species for both the analyte and the IS were selected in MS1 and collisionally dissociated with argon at a pressure of 1.2!10 K3 Torr to form specific product Endocrine-Related Cancer (2011) 18 699-709 www.endocrinology-journals.org ions that were subsequently monitored by MS2. The transition monitored for BMS-536924 was m/z 480.1/336.1 and m/z 470.5/324.3 for the internal standard. The retention time for BMS-536924 was 0.79 min. The four-point standard curve ranged from 5 to 5000 ng/ml and was fitted with a quadratic regression weighed by reciprocal concentration (1/x).
Muscle glucose uptake in vivo
Three mice from each group (control, alloxan exposed, and BMS-536924 treated) were fasted overnight and anesthetized with isoflurane 2%. Prior to labeled glucose, a baseline blood sample was taken to assess fasting blood glucose and background radioactivity levels. A bolus of 1 mg glucose containing 0.33 mCi [ 3 H]2-deoxyglucose (2DG; Perkin Elmer, Waltham, MA, USA) per gram of mouse body weight was administered via the jugular vein. Blood samples were collected 5, 10, 15, 25, 35, and 45 min later for plasma glucose and [ 3 H] levels. Following the final blood collection, mice were killed and muscle samples were obtained. The tissue was immediately frozen in liquid nitrogen. Intracellular levels of [ 3 H]2DG were determined as described previously (Ferre et al. 1985 , Witczak et al. 2006 . Briefly, frozen tissue was homogenized in ice-cold buffer containing 20 mM Tris-HCl, 5 mM EDTA, 10 mM Na 4 P 2 O 7 , 100 mM NaF, 2 mM NaVO 4 , 0.01 mM leupeptin, 3 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, and 10 mg/ml aprotinin. Muscle homogenate aliquots were placed in Ba(OH 2 )/ZnSO 4 and 6% perchloric acid and centrifuged. Liquid scintillation counting was used to determine the [ 3 H] radioactivity levels in the tissue. Phosphorylated 2-deoxyglucose (2DG6P) levels were determined by the difference in supernatant radioactivity between perchloric acid and Ba(OH 2 )/ ZnSO 4 -treated aliquots. Tissue glucose utilization rates were assessed by first calculating the integral of the ratio of arterial blood 2DG to plasma glucose levels. After determining the amount of 2DG6P captured by the tissue and correcting for weight, this value was divided by the integral to give an index of glucose utilization. This experiment was repeated twice.
Statistical analysis
The distribution of variables was tested for normality. A one-way or two-way ANOVA and nonparametric tests for normally and not normally distributed data were used to determine whether differences between treatment groups were significant. Additionally, the Kruskal-Wallis test was used to obtain the difference of paired value and least-squares means for multiple 
Results
Insulin and IGF1R expression and insulin responsivity of 4T1 mammary carcinoma cells 4T1 murine breast cancer cells are known to form highly aggressive tumors in BALB/c mice (Aslakson & Miller 1992 , Pulaski et al. 2000 , Tao et al. 2008 ), but they have not previously been characterized with respect to insulin or IGF1R expression. Consistent with the expression of IRs by many molecular subtypes of human breast cancer (Law et al. 2008 , Belfiore et al. 2009 ), we observed expression of insulin and IGF1Rs by the 4T1 model ( Fig. 1A) and also observed in vitro mitogenic responsivity of these cells to insulin ( Fig. 1B) and IGF1 (Fig. 1C ) across physiologically relevant concentrations. We observed a significant inhibition of 4T1 cell proliferation with increasing doses of BMS-536924 in the presence of insulin or IGF1 (Fig. 1D ), but not in ligand-free and serum-free medium, consistent with its published mechanism of action on the insulin/IGF receptor family.
Both BMS-536924 and alloxan-induced insulin deficiency inhibit 4T1 tumor growth in vivo 10 5 4T1 cells were injected s.c. in flanks of control mice, mice rendered insulin deficient by a single injection of 100 mg/kg of body weight of alloxan 2 weeks prior, or mice that received BMS-536924 orally at a dose of 100 mg/kg twice daily. Tumors in control mice were palpable within a week and measurable by calipers at day 8 (Fig. 2) . Prior alloxan exposure or BMS-536924 treatment, each led to easily observable and statistically significant (P!0.0001 in each case) reductions in tumor growth relative to control (mean tumor size at the end of the experi-mentG(S.E.M.): alloxan: 399G57 mm 3 , BMS-536924: 409G27 mm 3 , control: 852G41 mm 3 ). As shown in Table 1 , tumor growth reached criteria for animal welfare guideline for killing by day 27 in 71% of untreated animals, but in none of the animals with alloxan-induced insulin deficiency, and in none of the animals on BMS-536924.
Metabolic effects of interventions
As expected, alloxan exposure led to insulin deficiency and severe hyperglycemia, attributable to its toxic effects on pancreatic b-cells. In contrast, BMS-536924 treatment led to hyperinsulinemia but minor hyperglycemia ( Table 2 ). The perturbations of insulin and glucose levels following administration of BMS-536924 represent pharmacodynamic evidence that the drug is active in reducing IR activation, leading to compensatory hyperinsulinemia. While BMS-536924 is known to inhibit both insulin and IGF1R signaling, the effect of alloxan on pancreatic b-cells would be expected to preferentially reduce circulating levels of Endocrine-Related Cancer (2011) 18 699-709 www.endocrinology-journals.org insulin, as observed. A reduction of IGF1 levels was also observed following alloxan exposure, in keeping with a report (Glaser et al. 1987) showing suppressed IGF1 levels as a consequence of uncontrolled diabetes. Many alloxan-exposed mice showed signs of poorly controlled type I diabetes such as dehydration and weight loss (mean body weight gramsGS.E.M.: 16.88G 0.66 vs 19.37G0.23 for alloxan vs control respectively; Table 2 ). Data in Table 1 show that the majority of alloxan-exposed mice were obviously ill with uncontrolled diabetes by day 27 following tumor cell injections, while BMS-536924-treated and control animals appeared normal.
Investigation of differences in toxicity between insulin deficiency and insulin/IGF1R kinase inhibition
In order to determine whether drug distribution could be related to differences in toxicity, we measured drug levels in muscle, tumors, and serum (Fig. 3A) . The concentration of BMS-536924 (meansGS.E.M.) in muscle was 7.785G4.475 mM, compared to 48.190G 5.092 mM in neoplastic tissue (PZ0.0055), and 735.458G81.638 mM in serum (P!0.0001 serum vs muscle and tumor). This raised the possibility that IR inhibition and insulin-stimulated glucose uptake by muscle would be more completely inhibited by insulin deficiency than by exposure to BMS-536924. Figure 3B shows that alloxan-induced insulin deficiency was associated with reduced IR activation in muscle. Alloxan-induced hypoinsulinemia was also associated with reduced IR activation in neoplastic tissue, indicating an effect of the host metabolic derangements on signal transduction within neoplastic cells. IR phosphorylation in neoplastic tissue of animals treated with BMS-536924 was reduced to w55% of control levels, an effect compared to that of alloxan-induced insulin deficiency. However, in muscle, there was no significant difference in IR phosphorylation between control and BMS-536924treated animals. BMS-536924 treatment or alloxan exposure did not affect the levels of total insulin and IGF1R receptors. This suggests that the observed variation in BMS-536924 accumulation in different tissues results in tissue-specific variation in degree of receptor inhibition, with less inhibition in muscle than neoplastic tissue.
In vivo glucose utilization was measured in order to evaluate muscle glucose uptake in mice undergoing BMS-536924 treatment. In keeping with the observation that insulin deficiency resulted in hyperglycemia while BMS-536924 administration did not, glucose uptake by muscle was decreased in the alloxan-exposed group, but increased in the BMS-536924-treated animals (Fig. 4) . This increase is compatible with the hyperinsulinemia associated with BMS-536924 administration and the relatively low accumulation of the compound in muscle compared with neoplastic tissue. Figure 5 shows in vivo growth of 4T1 tumors in mice treated with metformin (in drinking water as described in Materials and methods section) or not. Metformin had no significant growth inhibitory activity or insulinlowering activity in this normoinsulinemic model, in contrast to its demonstrated activity in other models where hosts are hyperinsulinemic (Algire et al. 2008) . The hormone levels of mice treated with metformin were not significantly different than for control animals (Table 2) . Thus, our results show that three interventions relevant to the insulin/IGF1R family have different impacts on the 4T1 model. The insulin/ IGF1R kinase inhibitor reduces tumor growth and is relatively well tolerated; prior exposure to alloxan also inhibits tumor growth and is associated with reduced concentration of insulin and IGF1 levels and hyperglycemia, and metformin has no tumor growth inhibitory effect and no effect on ligand levels. Insulin levels were significantly different between control and BMS-536924 groups (P!0.0001) and also between alloxan and BMS-536924 groups (P!0.0001). IGF1 levels were significantly different (P!0.0001) between alloxan and control, BMS-536924, or metformin groups. Glucose levels were significantly different between control and alloxan groups (P!0.0001), between alloxan and BMS-536924 groups (P!0.0001), between alloxan and metformin groups (P!0.0001), and also between control and BMS-536924 groups (PZ0.0135). Finally, body weight was significantly different between control and alloxan groups (PZ0.0002), and between alloxan and BMS-536924 groups (PZ0.0027). There were no significant differences between control and metformin-treated mice.
a Blood was sampled prior to killing from mice with free access to food and water. 
Discussion
The observation that insulin stimulates in vitro proliferation and insulin deficiency reduces in vivo growth of 4T1 mammary cancer supports the hypothesis that certain cancers grow in an insulin-responsive manner. This is biologically plausible, as IRs are expressed by the 4T1 cells used in our model and also by human cancers. IRs are homologous to oncogenes of the tyrosine kinase class (Ullrich et al. 1985) and activate pathways known to favor cellular proliferation and survival (Pollak et al. 2004 , Pollak 2008 . Indeed, in an evolutionary context, regulation of cell survival and growth by insulin-like signaling predated the relatively recent specialized functions of insulin as a regulator of blood glucose levels. It is likely that effects of variation in caloric intake on tumor growth are attributable at least in part to changes in insulin levels (Kalaany & Sabatini 2009 , Pollak 2009 ). Insulin stimulation of neoplastic growth is not predicted to be universal: for example, cancers with activating mutations of PI3 kinase or other signaling molecules downstream of the IR would be expected to proliferate aggressively in an insulin-independent manner.
As expected, alloxan-induced insulin deficiency is shown to be associated with metabolic derangements typical of type I diabetes that make it impractical as an approach to treatment of insulin-dependent cancers, but it is of interest that in this experimental system tumor growth was inhibited. This contrasts with type II 
Control
Alloxan BMS-536924 Figure 4 Glucose uptake in muscle decreases following alloxan exposure but increases with BMS-536924 treatment. Mice were given an i.v. injection of a 1 mg glucose/g of body weight bolus containing [ 3 H]2-deoxyglucose. Mice were untreated, exposed to alloxan 2 weeks previously, or on treatment with BMS-53924 that had been started 4 days prior. Glucose uptake in muscle was determined as described in the Materials and methods section. Data represent the meanGS.E.M. (PZ0.0635, nZ6 ).
Endocrine-Related Cancer (2011) 18 699-709 www.endocrinology-journals.org diabetes and/or diet-induced obesity models, where the metabolic derangements include hyperinsulinemia and are associated with accelerated tumor growth (Algire et al. 2008 (Algire et al. , 2011 . BMS-536924 is as effective as insulin deficiency in constraining cancer growth, but is well tolerated relative not only to insulin deficiency but also to systemic IR knockdown (Kitamura et al. 2003) . This somewhat unexpected safety can be explained by our findings. Muscle glucose uptake is reduced by insulin deficiency in our model, leading to hyperglycemia, but little changed by BMS-536924, an observation in keeping with the relatively low accumulation of the drug in muscle tissue. The literature on IR knockout mice (reviewed in Fernandez et al. (2001) and Kitamura et al. (2003) ) demonstrates complexities in the tissue-specific role of IRs in glucose homeostasis and other functions. Our data suggest that superimposed upon this complexity, heterogeneity of drug distribution of small molecule kinase inhibitors that target the IR family results in a degree of kinase inhibition, which varies in a tissuespecific manner. In our model, this leads to inhibition of neoplastic growth, but relatively mild metabolic derangement. In particular, insulin action in muscle, which is a major site for insulin-mediated glucose uptake, is shown to be preserved during BMS-536924 treatment, an observation that is plausible in the context of the relatively low accumulation of the kinase inhibitor in this tissue, and the inhibitor-induced systemic hyperinsulinemia. The precise mechanism underlying the relatively low drug levels in muscle is under investigation.
Metformin is a widely used glucose-lowering and insulin-lowering agent with recently described antineoplastic activity in certain experimental models. This activity has been attributed to several mechanisms, one of which is reduction in the elevated insulin levels (Pollak 2010) typical of obesity and early type II diabetes. There is experimental evidence that reduction of insulin levels by metformin, which is secondary to reduction of hepatic glucose output (Shaw et al. 2005) , is only significant in the setting of baseline hyperinsulinemia (Algire et al. 2008 . Although there is epidemiologic evidence for decreased cancer burden associated with metformin use , Giovannucci et al. 2010 , these data were derived from type II diabetics, who are in general hyperinsulinemic, so extrapolation to the general population is not possible. Thus, metformin and similar compounds may not be optimal for targeting insulinstimulated tumor growth, especially in normoinsulinemic patients. Our data provide an example of a tumor for which normal levels of ligands for the insulin/IGF1R family are sufficient to stimulate growth and demonstrate that under these conditions BMS-536924 is active, but metformin (at doses active in hyperinsulinemic models) is not. Thus, lack of effect of metformin on tumor growth should not be taken as evidence that the insulin/IGF1R family is without influence. However, there may be situations where actions of metformin other than reduction of insulin level are important (Zakikhani et al. 2006 , Ning & Clemmons 2010 , Algire et al. 2011 .
Our observations provide evidence contrary to the view that insulin acts to constrain cancer growth by reducing glucose level, which has been hypothesized to limit neoplastic growth by reducing the high level of glycolysis common to transformed cells (Gerstein 2010 , Johnson & Pollak 2010 . This hypothesis predicts that the hyperglycemia seen in the setting of hypoinsulinemia would accelerate tumor growth, but the opposite was observed, suggesting that at least for some cancers IR activation has a more important effect on tumor growth than variations in glucose levels in the range of 5-20 mM. The lack of a stimulatory influence of hyperglycemia on neoplastic growth, despite the high glucose requirements needed for energy generation by glycolysis, is likely due to the fact that many tumors have constitutively active and high rates of glucose uptake and can easily satisfy their glucose requirements even under normoglycemic conditions.
Technical constraints precluded expansion of this study to human xenografts, transgenic tumor models, or chemical carcinogenesis models, because severe insulin deficiency is poorly tolerated by immunodeficient mice, and because of the need to accurately measure tumor growth in a time window where hypoinsulinemia is present, but severe metabolic toxicity has not yet developed. It is unlikely that alloxan directly affected tumor biology, as alloxan was injected several weeks prior to tumor cells. Many endocrine changes are associated with alloxan-induced insulin deficiency, but our signaling data is compatible with the view that insulin reduction itself plays a key role in the effects of alloxan. Our model provides an example of a mammary tumor that is inhibited by insulin deficiency or the insulin/IGF1R family kinase inhibitor BMS-536924 (but not metformin) and provides an explanation for the lack of toxicity of the kinase inhibitor relative to insulin deficiency. IR expression is common in human breast cancer (Law et al. 2008) , but further clinical research is required to determine the proportion of IR expressing tumors that are sensitive to IR targeting strategies. 
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